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ABSTRACT 
The effectiveness of a supplemental internal air distribution system for closed 
greenhouses. with dense plant canopies was evaluated. The system employed centrifugal 
fans and perforated ducts to move relatively warmer air from above the canopy to within 
the canopy. Preliminary tests demonstrated the potential to improve net profits in 
commercial tomato greenhouse production by increasing yield and accelerating fruit 
maturity. It was hypothesized that reductions in temperature and humidity variatio�s 
contributed to reduced disease susceptibility. The purpose of this project was to 
determine the validity of the preliminary results by testing the effectiveness of the system 
in a controlled experiment. 
Two 270-m2 greenhouses, a treatment house and an identical control house, were 
constructed. A fall tomato crop from August to December 2002 and a spring crop from 
January to July 2003 were evaluated. Electricity and fuel consumption were separately 
metered for each house. The same variety of beefsteak tomato (Lycopersicon esculentum 
Mill cv. Trust) at identical growth stages was placed in each house on the same day. Set 
points for thermostats controlling ventilation and heating were also identical in both 
houses. Relative humidity, temperature, carbon dioxide concentration, and light intensity 
were logged in identical locations in each house. All harvested tomatoes were graded and 
weighed. 
During the first crop grown in the newly constructed greenhouses, several start-up 
problems were addressed in the equipment, structures, and cultural practices. Because of 
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these start-up issues, the environmental and yield results for the fall crop were 
questionable. In contrast, the spring data was considered reliable. 
During the spring season, the bulk of environmental differences between the 
houses occurred at night. Vertical and longitudinal thermal gradients were significantly 
less in the treatment house during the first half of the growing season. Reduced vertical 
and longitudinal relative humidity gradients were also observed in the treatment house 
during nighttime for most of the growing season. The north side of the control house 
experienced relative humidity (rh) levels from 95 to 100% from March to the end of the 
season, while the treatment house generally remained drier, at 90 to 95% rh. An elevated 
carbon dioxide concentration was found in the treatment house during nighttime hours, 
which is hypothesized to be due to higher respiration rates. The fuel consumption in the 
treatment house was reduced by 9%, resulting in a fuel savings of $177, while the 
electrical consumption followed the opposite trend. The treatment house used 3,550 kWh 
($243) more electricity than the control house, primarily to supply power to the 
supplemental air distribution fans. The treatment house yielded 14 % ( 518 kg) more 
marketable fruit than the control. At a wholesale price of $2.20 per kg, the difference in 
yield returns was $1140 per year (assuming one crop per year). Amortized capital cost of 
the system was estimated to be $178 per year, based on 5 years at 10%. The net benefit of 
the system was therefore estimated to be $896 per year. 
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Chapter 1 - Introduction 
Justification 
The ability to control the environment and obtain premium prices for off-season 
tomatoes are the driving reasons for the increasing popularity of greenhouse tomato 
production. Over the past decade, the area under plastic in Tennessee dedicated to tomato 
production has swiftly increased. Today, Tennessee producers grow 16 to 20 hectares of 
greenhouse tomatoes and harvest approximately 20 kg/m2 per growing season (Straw, 
2003, Pers. Comm.). 
Despite the increasing trend of production, the vast majority of Tennessee's off­
season tomatoes found in the market are field-grown tomatoes imported from Florida, 
California, or Mexico. Mass production drives the price of the imported tomatoes down, 
but taste is usually compromised. Though the fruit may look appealing, the internal 
quality is lacking compared to a vine-ripened greenhouse tomatoes from a local producer 
(Bauerle and Short 1984). Consumers view greenhouse tomatoes as locally grown, fresh, 
and flavorful and are willing to pay as high as three times the price of imported field­
grown tomatoes (Kamberg 1997). Lucier et al. (2000) estimate the national annual 
consumption of fresh tomatoes to be 8.6 kg per person. Assuming that consumption is 
uniform throughout the year and that consumption in Tennessee is near the national 
average, then greenhouse growers are supplying roughly 30 to 40% of the demand in 
Tennessee over an estimated harvest period of2 ½ months (typical spring harvest 
period). This estimate reveals a considerable market potential for the growth of the 
greenhouse tomato industry in Tennessee. 
Though many Tennessee tomato producers are experiencing the advantages of 
growing in greenhouses and are aware of the potential market, there are still major 
hurdles preventing optimum yield. Disease and fruit abortion are primary reasons for 
yield losses. Many factors may contribute to the plants' susceptibility to harmful 
pathogens; air temperature and humidity are among the most prevalent. Temperature and 
humidity are also key factors in fruit abortion. If the temperature gets too low or too high 
and/or the air moisture begins to condense on the foliage, then blooms are threatened. 
With proper air circulation, ventilation, and heating, the negative impacts of these factors 
are considerably reduced. However, as the plant canopy becomes dense, proper air 
circulation becomes a major issue, especially in the cooler season when the ventilation 
fans are rarely operating. The dense foliage inhibits air movement, so the air becomes 
stagnant. It was hypothesized that as the plants transpire, the air within the canopy 
becomes more humid, the dry-bulb temperature decreases, and carbon dioxide depletes 
during photosynthesis. This is thought to produce a vertical stratification of temperature, 
humidity, and CO2, and the plants would become highly vulnerable to fungal disease and 
fruit abortion. 
The goal of this study was to determine the effectiveness of a system designed to 
improve the air distribution in greenhouses with dense tomato plant canopies. To achieve 
this goal, four specific objectives had to be accomplished. The first was to obtain 
environmental data over time within and above the canopies in the treatment and control 
houses for the duration of both fall and spring growing seasons. Factors measured 
included air temperature, relative humidity, carbon dioxide (CO2) concentration, and light 
intensity. The second objective was to acquire yield and grade data for each season. The 
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third objective was to use the environmental data to understand any yield trends and 
explain why any difference in yield existed. The final objective was to determine the 
economic impact, if any, of the system. To do this, an economic analysis was conducted. 
Review of Literature 
Temperature Effects 
Achieving an optimal range of temperature and humidity levels is essential for 
maximizing yield for any greenhouse crop. Desired temperature and humidity ranges for 
tomato production have been studied extensively. 
Temperature is the most important factor influencing plant development, such as 
leaf formation, anthesis, and fruit set (Landsberg 1975; Cockshull 1992). Optimum 
temperatures for greenhouse tomato production have been divided into daytime and 
nighttime regimes. Witter and Aung (1969) reported that the optimal ranges for 
greenhouse tomato production are from 15 to 18 °C at night and 18 to 27 °C during the 
day, depending on irradiance, variety, etc. Similarly, Went and Cospar (1945) claimed 
that nighttime temperature is the critical factor influencing fruitset and that the optimum 
range is 15 to 20 °C. Previous research by Willits and Peet (1998) showed that both yield 
and fruit quality are highly affected by mean nighttime temperatures. Findings from their 
study revealed that nighttime temperatures above 21 °C compared to temperatures below 
20 °C reduced fruit set by 39% and the total yield by 53%. The·cooler treatment also 
increased the number of No. 1 fruit (highest quality) and the total weight of No. 1 fruit by 
85% and 106%, respectively. However, Peet and Bartholemew (1996) showed that the 
rate of fruit development increase with nighttime temperatures, evaluating from 18 to 
26 °C. 
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Air temperature also affects pollination. Dane et al. ( 1991) noted a drastic 
reduction in pollen fertility at prolonged periods of high temperatures, reaching 35 to 38 
°ตC during daytime, and 20 to 23 °C during the night. Charles and Harris (1972) showed a 
decline in pollen germination as temperatures increased from 20 to 27 °C. 
Humidity Effects 
Though humidity is not as influential on growth and development as temperature, 
it is not to be overlooked. It is common for researchers to quantify the air moisture in 
relation to the plant in terms of vapor pressure deficit (VPD) because it is a direct 
indicator of the driving force for transpiration. The plant is assumed to be at saturation 
while the amount of vapor in the air varies. If the VPD is too high, above 1.0 kPa (57% rh 
at 20 °C) , extremely high transpiration rates occur, and plant growth is reduced in most 
horticultural crops, because photosynthesis is hampered by a decrease in stomatal 
conductance (Hoffman 1979). For example, Leonardi et al. (2000) reported a reduction in 
overall tomato yield and degradation in quality as the VPD increased from 1.6 to 2.2 kPa 
(31 to 6% rh at 20 °C). However, complications also occur when the VPD is too low. 
Moroto et al. (1995) found a higher degree of cracking (mostly radial) in tomatoes 
exposed to a range of VPD from 0.1 to 0.0 kPa (96 to 100% rh at 20 °C) compared to 
those exposed to a range of 0.4 to 0. 7 kPa (83 to 70% rh at 20 °C). Pollination is also 
inhibited at high humidity levels because of the insufficient number of pollen grains 
reaching the stigma (Tuzel 1999). Bakker (1990) reported calcium deficiencies and 
reduced leaf areas in plants exposed to lengthy periods of high humidity. He claimed that 
humid conditions also resulted in a loss of mean fruit weight, as well as a poorer keeping 
quality. In his study, lower VPD values of 0.72 kPa day/0.57 kPa night (76% rh at 
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24 °CI 72% rh at 18 °C) compared to higher VPD values of 0.62 kPa day/0.25 kPa night 
(79% rh at 24 °C / 88% rh at 19 °C) resulted in an 8% increase in yield in a beefsteak 
variety tomato. Grange and Hand (1987) concluded that 0.7 to 0.5 kPa (70 - 78% rh at 20 
°C) is the optimum range for the VPD. 
Aside from the previously mentioned direct growth responses, humidity is also 
correlated to the viability of fungal diseases, many of which require free water oti the 
foliage to germinate (Bakker 1995). Gray mold (Botrytis cinerea) is among the most 
common in greenhouse tomatoes, which is promoted by cool, humid conditions and poor 
ventilation (Dodson et al. 1997). O'Neill et al. (1997) stated that infection and sporulation 
occur when air temperatures are between 5 and 26 °C, with the most rapid development 
at 15 °C. The most severe cases of gray mold result in the loss of the entire crop. 
Powdery mildew ( Odium lycopersici) is another common fungal disease typically 
infesting greenhouse tomato plants. Unsprayed plots have been reported to experience 
40% yield losses due to powdery mildew (Jones and Thomson 1987). Guzman-Plazola et 
al. (2003) found that powdery mildew did not germinate above 30 °C and disease 
progression was significantly greater at 20 °C than 25 °C. They also state that disease 
progression was greatest at relative humidity levels of 50 to 70% rh and that spore 
germination also occurs between 80 and 90% rh, but the progression of the disease was 
limited by prolonged exposure to the high humidity levels. Whipps and Budge (2000) 
found that powdery mildew is less prolific as the relative humidity rises from 80 to 95% 
at 19 °C. 
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Internal Air Circulation 
It is typical for heaters and ventilation fans to be controlled by thermostats at a 
single fixed location in the greenhouse, but hurdles must be overcome to achieve a 
uniform distribution of the set point temperature throughout the greenhouse. Several 
researchers have documented the importance of circulating internal air in greenhouse 
production. The purpose is to achieve a homogeneous temperature, humidity, and CO2
distribution within the growing environment. Germing ( 1967) stated that continuous air 
movement is vital to reduce horizontal and vertical temperature gradients. Air movement 
is also helpful in pollination and distributing fumigants from pesticidal bombs. 
Several air circulation techniques have been studied and evaluated for various 
combinations of greenhouse structures and crops. Walker and Duncan (1974) 
summarized the most common techniques to distribute air throughout the environment: 1) 
vertical convections; 2) horizontal convection; 3) sidewall ventilation; 4) single overhead 
perforated plastic sleeve; 5) two overhead perforated plastic sleeves; 6) ground perforated 
plastic sleeves. Vertical convection uses air-mixing fans in the gable of the house to blow 
air along both sides of the roof and down the sidewalls to the floor. Horizontal convection 
uses horizontal airflow fans (HAF) located above canopy level on both sides of the 
greenhouse to circulate the air horizontally. Sidewall ventilation utilizes a unit on the 
sidewall to force air toward the roof, which then moves down the opposite sidewall and 
along the floor back to the unit. A single overhead perforated plastic sleeve (polytube) 
usually has a row of perforations on each side of the tube, which discharge air again 
down the roof and sidewalls to the floor. Sometimes two overhead tubes are used rather 
than one, which cause two rotational airflow patterns in a cross-section. Lastly, multiple 
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perforated plastic sleeves along the ground were used to distribute air, commonly 
between crop rows. Walker and Duncan (1974) tested the effectiveness of each method in 
a greenhouse that had negligible canopy mass. An acceptable minimum airflow velocity 
of 12.2 m/min at all points in the greenhouse was established, which was considered to 
ensure thorough mixing (Walker 1967). They found that the HAF fans distributed 
acceptable airflows throughout greenhouse area, and the best results occurred when the 
fans were tilted 15° towards the center of the house. Acceptable results were obtained 
with the sidewall ventilation and using two overhead perforated plastic sleeves. 
Inadequate airflows were obtained with vertical convection and the single overhead and 
ground perforated ducts. 
Acceptable flows are currently reported in terms of air exchanges (greenhouse 
volume of air) per unit time rather than air velocity, and the acceptable minimum is 15 to 
20 air exchanges per hour (ASAE 2002). Buschermohle and Grandle (2002) stated that 
the two methods that have become the most widely accepted practice for distributing 
internal air are the horizontal convection with HAF fans and the· overhead perforated 
plastic sleeve. They recommended that the HAF fans be 12 to 15 m apart along the length 
of the greenhouse and 114th of the width of the greenhouse from the sidewall. The authors 
claimed that the benefits of continuously running these fans outweigh the additional cost 
of electricity. However, since the airflow is typically parallel with the crop rows, air tends 
to flow in the path between the plants rather than through the plants, which causes lower 
temperatures to occur inside the canopy (King 1962). 
The overhead polytube system typically performs three functions. First, it 
continually mixes the air. Secondly, heated air is blown directly into the intake, and the 
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tube distributes the warm air along the greenhouse. Lastly, an axial fan forces fresh air 
from outside through the tube during ventilation. Wells and Amos ( 1994) outlined 
procedures to determine the duct diameter and perforation size and spacing, which 
depend on the fan selection and the scale of the greenhouse. They recommend the static 
pressure along the duct to be as uniform as possible, and in range from 25 to 100 Pa. If 
the pressure is too low, the duct will not properly inflate, but if it is too high, excess 
energy is expelled. Researchers have addressed the concern of the decreasing temperature 
of the discharging air along the duct (overhead or at ground level). Bailey (1973) 
explained that heat transfers from the air inside the duct to the air surrounding the duct 
and suggested that higher flowrates would reduce the temperature drop. The severity of 
the temperature drop was demonstrated by Menses and Monteiro (1990), who measured a 
drop from 34 °C to 12 °C over 60 meters of duct length using a single overhead polytube, 
with the ambient temperature approximately 10 °C. This drop resulted in a net 
longitudinal temperature gradient of-2.0 °C per 64 m in the tomato plant canopy, most 
of which occurred in the latter half of the distance along the house. The airflow rate was 
12,000 m3 /hr, which only provided less than 10 air exchanges per hour. The relatively 
small change of temperature across the length of the canopy was probably attributed to 
the low exchange rate. They suggested that this could be reduced using perforated tubes 
at ground level, because heat transfers from the overhead ducts to the roof. A temperature 
drop of only 3 to 3.5 °C was found with multiple tubes on the ground over a length of 
15.8 meters (Teitel et al. 1999). Negligible vertical and transverse gradients were found 
with either the overhead or ground level polytube systems (Meneses and Monteiro 1990; 
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Teitel et al. 1999), but this ground level study was conducted in a rose canopy, which is 
considerably less dense than a mature tomato canopy. 
The challenge presented to an air circulation system is greater in the fall crop than in 
the spring crop, because the growth stages of tomato plants differ between the spring and 
fall crops with respect to the seasonal temperatures and sunlight intensities. During the 
fall season, the canopy mass increases and matures as the seasonal temperature and 
sunlight intensity decrease. The majority of the fruit set period occurs from August 
through October while light intensities are high and outside temperatures are warm to 
mild. During this period, little to no supplemental heating is required. The bulk of the 
harvest or ripening period occurs during periods of low light intensity from early 
November through December while outside temperatures are cool to cold. During this 
period, supplemental heating is substantial. 
The opposite occurs during the spring when the canopy mass increases/matures 
with seasonal temperatures and sunlight intensity. Outside temperatures are cold to cool 
during the fruit set period from February through April, and supplemental heating is 
considerable. Little to no supplemental heating is required during the harvest or ripening 
period from May through July when outside temperatures are warm to hot, and sunlight 
intensities are high. 
Larger temperature gradients in greenhouses are expected during periods when 
supplemental heating is required, so the temperature gradients with respect to plant 
maturity differ considerably between fall and spring crops. Most of the stratification is 




Several studies have explored optimum temperature, humidity, and carbon dioxide 
levels for tomato production. A considerable amount of research has also been conducted 
in determining the effectiveness of various types of internal air distribution systems in 
minimizing temperature and humidity gradients within greenhouses. Work has also been 
performed on evaluating the use of multiple perforated polytubes to deliver heated air 
within the canopy (Teitel et al. 1999), but one or two large fans were used to supply a 
header, which distributed air to each tube. The header employed by Teitel et al. (1999) 
can be a hindrance in routine greenhouse operations and can be expensive and complex to 
install. However, no work has been done on using multiple independent blower/duct 
systems to deliver air within a tomato canopy to supplement an existing HAF system. 
The objective of this study was fo implement and evaluate the effectiveness of a system 
in which a single fan and duct would be used per double row to force air from above a 
tomato canopy to within the dense foliage. This type of simple, inexpensive, and 
convenient system could be installed in existing structures without requiring extensive 
modifications, and it may increase yield and decrease fuel consumption. Both a fall and a 
spring season were to be evaluated and compared. It is hypothesized that the 
supplemental air distribution will be more effective, from a temperature perspective, 
during heating modes when temperature gradients are expected to be the greatest. The 
efficacy of the system may differ between fall and spring seasons due to differences in 
the ratio of temperature to canopy development between seasons. 
Additionally, it is suspected that CO2 gradients occur across the canopy boundary, 
but a lack of research is evident that quantifies the degree of stratification. This 
10 
quantification was an additional outcome of this study. 
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Chapter 2 - Materials and Methods 
Test Site Description 
The experiment was conducted at the Knoxville Experiment Station in Knoxville, 
Tennessee (36° lat., elev. 290 m). Two identical double-layer plastic quonset 
greenhouses served as a control and a treatment during the study periods. The 
greenhouses were longitudinally oriented north to south and were 3 m apart from one 
another. Three smaller greenhouses not included in the experiment were on the western 
side of the test houses, also 3 m apart from one another (Figure 1 ). The test greenhouse 
on the western side served as the treatment house during the fall, and the eastern 
greenhouse was used as the treatment during the spring. 
Each house was 9.1-m wide by 29.3-m long with 1.5-m sidewalls. The center was 
4.3 m above the ground. Each house was equipped with two 39-kW propane unit heaters 
(Reznor Model FE, Thomas and Betts Corp., Mercer, PA) mounted 2.4-m high in 
opposing corners. One small (61-cm dia.) and two large (122-cm dia.) exhaust ventilation 
fans were located on the southern wall (Figure 2). One of the large fans was a 2-speed fan 
(Coolair Model NBF48K, American Coolair Corp., Jacksonville, FL), providing a 
maximum airflow rate of 545 m3 /min at 12 Pa and was mounted on the eastern side. The 
other was a single speed fan (Coolair Model NBF48L, American Coolair Corp., 
Jacksonville, FL), delivering an airflow rate of 545 m3/min at 12 Pa and was mounted on 
western side. The small fan (Coolair Model NBF24J, American Coolair Corp., 
Jacksonville, FL) was located just under the ridge bar and delivered an airflow rate of 
191 m3 /min at 12 Pa. The fans were capable of providing five levels of ventilation 
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Figure 2. Ventilation fans on southern side of greenhouse. 
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greenhouses, which were automated to open as needed during ventilation. Four horizontal 
airflow fans (Uni-Flo 2000 Model 4EQ0020, Uni-Flo) in each house circulated the 
internal air. Each HAF fan provided airflow at 57 m3/min, which equated to 15 air 
exchanges per hour, which met the acceptable minimum exchange rate (ASAE, 2002). 
Each house was also equipped with an evaporative cooling pad (1.2 m x 7.3 m) on the 
north wall. 
Crop Description 
The test periods were from August 8 to December 18, 2002 for the fall crop and 
from January 28 to July 7, 2003 for the spring crop. The historical weather data for the 
nearest National Weather Service Station, Knoxville, TN, is presented in Table 1. 
Seeding the tomato plants (Lycopersicon esculentum Mill cv. Trust - beefsteak variety) 
was accomplished in a greenhouse. The seedlings were transplanted when they were 20-
to 30-cm high. A nylon string hooked to a high-tensile wire supported each individual 
plant. Wooden posts between the single rows supported the wire. There were five double 
rows of tomatoes and a total of approximately 700 plants per house. Bumblebees 
(Bombus terrestris) were used for pollination.· 
Irrigation 
Each double row shared a common water line, and a supply tube with a spray 
stake delivered water to each individual plant. Irrigation timing was controlled with an 
automated system (Solar-Gro 12 Model 6W0 12, Davis Engineering, Winnetka, CA) 
based on accumulated solar radiation. Water requirements were calibrated to the need of 
the plants throughout the season based on recommendations from a crop specialist. 
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Table 1. Historical weather data for Knoxville, TN obtained from the National 
Weather Service. 
Relative Extreme 
Temp. Humidity Temp. Rain Cloudiness 
(OC) (%) (Days Per (cm) (Days Per Month) 
Month) 
Below Above Partly 
Av� A.M. P.M. 0 °C 32 °c Av� Clear Cloudy Cloudy 
January 2.2 82% 64% 20 0 10.7 6 7 18 
February 4.5 80% 60% 16 0 10.4 7 6 16 
March 9.4 80% 55% 9 0 13.0 7 7 16 
April 14.2 82% 52% 2 NIA 9.4 8 9 13 
May 18.6 87% 57% NIA 1 10.4 8 10 13 
June 22.9 89% 59% 0 5 10.2 7 12 10 
July 24.8 90% 61% 0 11 11.9 7 13 11 
August 24.4 92% 60% 0 9 7.9 8 . 12 10 
September 21.2 92% 59% 0 3 7.9 10 9 11 
October 14.7 90% 55% 1 0 7.1 12 8 11 
November 9.3 85% 59% 8 0 9.7 9 7 14 
December 4.5 83% 64% 17 0 11.4 7 7 17 
Annual 14.2 86%. 59% 72 29 119.6 97 107 162 
Fertilizer solutions and nitric acid were dosed into the bulk water supply with injectors 
(Model D116, Dosatron International, Inc., Clearwater, FL) at a fertilizer solution / water 
ratio of l: 100. The amount of fertilizer applied was based on the modified Steiner recipe. 
The fertilizer solution ratios for the fall and spring seasons are shown in Table 2. The pH 
was maintained close to 6.0. 
Environmental Control 
Heating and cooling systems were controlled by thermostats (Models. T 19PC,. 
single pole/single throw and A28PJ-single pole/double throw, Johnson Controls, 
Milwaukee, WI). All thermostats were located 1.2 m from the ground in the center of the 
houses and were engulfed in the canopy as the season progressed. Each heater was 
controlled by an independent thermostat. During the fall, both heaters in each house were 
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Table 2. Mixture ratios for fertilizer solutions for fall and spring seasons based on 
the modified Steiner recipe. 
Fertilizer Mixing Ratio 
(k2 of fertilizer per 150 liters of water) 
Season Growth 4-18-38 MgSO4 Ca(NO3)2 KNO3 
Stage (N-P-K)
fall from 
transplant to 5.0 2.3 4.5 1.8 
1 �t hloom on 
from above 
until end of 10.4 5.0 9.1 2.7 
cron 
spring from 
transplant to 4.6 1.9 4.0 1.9 
1st hloom on 
from above to 
1st bloom on 8.2 4.8 9.1 3.5 
5th cluster 
from above 
until May 1 11.3 6.8 11.3 3.6 
from above 
until June 1 10.0 5.0 9.1 3.2 
from above 
until end of 5.7 2.9 5.8 2.5 
cron 
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set to engage at 20 °C, but it was later discovered that both heaters in the treatment house 
were engaging at approximately the same time as expected, but only one heater was 
engaging in the control. Both heaters were not engaging simultaneously because the 
thermostats were not set with the required exactness, so one heater would heat the air 
before the temperature fell to the set point of the second heater. This was corrected 
during the spring season in late February by forcing a single heater in each house to be 
primary ( engaging at 20 °C) and the second heater as backup ( engaging at 17 °C). Since 
the intake pipes for the air distribution system were on the southern end of the 
greenhouse, the northern heaters were selected as primary, because warm air was forced 
toward the southern end. This allowed the warmer air to be discharged through the tubes 
and into the canopy. The cooling stages were set at 24, 25, 27, and 29 °C (cooling pad). 
During the first stage, the low speed of the eastern ventilation fan would engage, and the 
small louver would open. Next, the same ventilation fan would engage to high, and the 
small louver would close while the large vent would open. The third stage required all 
ventilation fans to engage and all louvers to open. The last stage required the water pump 
to engage on the cooling pad, thus reducing the air temperature through the process of 
water evaporation. 
In November and December, the top ventilation fan was manually engaged each 
morning for about two minutes to remove moisture from the house resulting from 
nighttime respiration a�d transpiration. During the spring season, the fan was automated 
with a timer to engage in early morning and late evening to remove humidity. 
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Supplemental Air Distribution System 
Design Concept 
The design goal for the supplemental air distribution system was to provide a 
simple and inexpensive method to deliver warm air from above the canopy to within the 
canopy without hindering plant growth or routine greenhouse operations. The design was 
also required to meet the standard minimum airflow rate for internal air circulation of 15 
air exchanges per hour. 
Fans were to be used to deliver air through perforated tubes. One fan/duct 
assembly was to be employed in each double row of tomato plants, with the tube 
penetrating between the single rows. The volume of a mature canopy in a double row 
was estimated to be 50 m3 , based on the perpendicular dimensions. This volume was the 
basis for calculating the required air exchange rate. A minimum airflow rate of 12 m3 /min 
was required to meet the standard minimum air exchange rate. The air above the canopy 
was to be piped to the intake of the fan. 
Construction and Implementation 
The air distribution system was incorporated into the treatment house for each 
season. Centrifugal fans (Dayton Model 4C445, Dayton Electric Mfg. Co., Niles, IL) 
were used to inflate perforated ducts, which were constructed from 6-mil polyethylene 
tubes (BCU Plastics and Packaging, Atlanta, GA). A duct diameter of 16 cm was used 
because it was the maximum size available that was not expected to be a hindrance for 
plant growth or routine greenhouse operations. The maximum size was preferred because 
discharge uniformity along the duct increases with diameter. The size and longitudinal 
spacing of the perforations and the fan selection were based on the procedures outlined 
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by Amos and Wells (1994) (Appendix A). The selected fan for each tube delivered an 
airflow of 12 m3/min at a static pressure of 75 Pa. A hollow hole punch was used to 
punch I -cm dia. perforations along the duct at a longitudinal spacing of 26.4 cm, oriented 
. at 11 and I o'clock and at 5:30 and 6:30 positions around the circumference of the tube 
(Figure 3). It was expected that this would provide discharge towards the seedlings in 
both rows early in the season and provide both upward and downward air movement in a 
mature dense canopy late in the season. A straight 1.5-m section of steel duct piping 
attached to the intake of each fan conveyed the air above the canopy to the fan inlet. A 
fan/tube system was mounted 110-cm high on the first trellis post of each double row of 
plants on the exhaust side (southern end) of the greenhouse (Figure 4). The exhaust end 
was chosen to avoid blowing cold air from the inlet louvers directly onto the plants. The 
perforated duct was supported by a high-tensile wire running along the length of the row. 
A screen was placed over each intake pipe to avoid loss of bumblebees. The system ran 
continuously throughout the season (fans rated for continuous operation). 
Data Acquisition 
A datalogger (Model CRl0X, Campbell Scientific, Inc., Logan, UT) wired to two 
multiplexers (Model AM32, Campbell Scientific, Inc., Logan, UT) was used in each 
house to record all environmental data. Type T thermocouples (TC) were utilized in each 
house at five vertical locations: three positions equally spaced along the middle double 
row and a central location in each of the side rows (Figure 5). At each vertical location, 
five thermocouples were suspended at 61 cm increments, starting at 61 cm from the 
ground. An additional TC was installed in the spring season directly at the thermostats for 
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Figure 3. Transverse cross-section of perforated duct inside plant canopy. 
Figure 4. Fan/duct assemble. (a) Fan assembly mounted on trellis post; (b) 
perforated duct extending length of row. 
fl thermocouple 
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Figure 5. Vertical locations of thermocouples and relative humidity sensors. 
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sunlight with an expanded polystyrene foam cup to avoid radiant heat gain. Relative 
humidity/temperature probes (Models HMP35C/45C, Campbell Scientific, Inc., Logan, 
UT) with solar shields were used at four locations in each house. The vertical locations 
were at the 113
rd 
and 213
rd positions in the middle double row (Figure 5). At each vertical
location, one sensor was fixed above the canopy 3 m from the ground, and one sensor 
was adjusted during the season to maintain approximately mid-canopy height. Two 
carbon dioxide sensors (Model GMM222, Vaisala, Woburn, MA) were located near the 
center of each house. All four carbon dioxide sensors were calibrated against one another 
before installation, and the hourly mean differences among the sensors were within 
+/- 8 ppm. Like the humidity sensors, one remained fixed above the canopy, while the 
other dynamically moved to maintain mid-canopy height. Incoming solar radiation was 
measured high in the center of each house with a silicon pyranometer (Model LI200X, 
Campbell Scientific, Inc., Logan, UT). The datalogger was programmed to read all 
sensors every five minutes and average the measurements over each hour to send to final 
storage. On a few selected days throughout the spring season, measurements were 
recorded every minute so the cycling of the heaters could be closely evaluated. 
Data Analysis 
Environmental Data 
The evaluation of the environmental data was separated into nighttime and 
daytime regimes. Table 3 lists the evaluated periods during the spring growing season. 
Monthly sunrise and sunset times were identified to the nearest hour using the data from 
the pyranometers inside the greenhouses. The transitional hour during sunrise and the 
transitional hour during sunset were removed from the data analysis, so the evaluated 
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Table 3. Environmental evaluation periods during the spring growing season; times 
based on Eastern Standard Time (standard time); data for May not available. 
Evaluated Periods 
Nighttime Daytime 
February 7:00 p.m. - 7:00 a.m. 9:00 a.m. - 5:00 p.m. 
March 8:00 p.m. - 7:00 a.m. 9:00 a.m. - 6:00 p.m. 
April 8:00 p.m. - 6:00 a.m. 8:00 a.m. - 6:00 p.m. 
May NIA NIA 
June 9:00 p.m. - 6:00 a.m. 8:00 a.m. -7:00 p.m. 
July 9:00 p.m. - 6:00 a.m. 8:00 a.m. -7:00 p.m. 
periods were distinctly dark or light. Monthly averages were calculated for nighttime and 
daytime based on daily averages through the respective period. 
Longitudinal, transverse, and vertical temperature gradients, as well as vertical 
relative humidity gradients and CO2 concentrations between the control and treatment 
houses were evaluated. Environmental gradient differences between houses were 
statistically analyzed using t-tests with a confidence interval of 95%. Positive gradients 
were defined as increasing from bottom to top for vertical gradients, north to south for 
longitudinal gradients, and west to east for transverse gradients. All gradients were 
interpolated between sensors and never extrapolated beyond the sensors. Table 4 lists the 
orientation of the evaluated gradients. The interpolated zones for the vertical temperature 
gradients were labeled as shown in Figure 6. The thermocouple at the 1.2-m height at 
each vertical location was used for all longitudinal and transverse thermal gradient 
calculations, representative of mid-canopy (mature) height. 
Temperature deviations from both the heating (nighttime) and cooling (daytime) 
set points were also evaluated. All thermocouples at correlating heights were averaged to 
obtain the deviation of each level (Level 1 - Level 5). Figure 6 illustrates the level 
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Table 4. Gradient orientation. 
Environmental Interpolated 
Factor Gradient Label Range Reference 
temperature vertical Zone 1 61 -122 cm ground 
Zone2 122-183 cm ground 
Zone3 183-244 cm ground 
Zone4 244-305 cm ground 
longitudinal N-C 7.3 -14.6 m northern 
(North- Center) wall 
C-S 14.6-21.9 m northern 
(Center - South) wall 
transverse W-C 1.5-4.6 m western 
(North -Center) wall 
C-E 4.6-7.6 m western 
(Center -South) wall 
relative vertical North 0.46 to I.I* -2.4 ground 
humidity (9.8 m from m 
northern wall) 
South 0.46 to 1. 1 * - ground 
(19.5 m from 2.4 m 
northern wall) 
longitudinal North - South 9.8-19.5 m northern 
wall 
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Figure 6. Labeling scheme for vertically oriented thermocouples; zones refer to 
distance between thermocouples while levels indicate exact height. 
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nomenclature with respect to the vertical zones. Each thermocouple at the 1.2 m height 
was also independently evaluated, so the temperature deviations in all directions were 
analyzed. Humidity and carbon dioxide levels were also assessed. 
Yield Data 
Harvested marketable tomatoes were graded in four size categories and weighed. 
Yield from each double row was recorded separately. 
Fuel and Electricity 
Fuel consumption and electricity usage were recorded for each house during both 
test periods. 
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Chapter 3 - Results and Discussion 
Fall Results 
The fall season was considered a trial run. Defects in the structure and equipment 
in the newly constructed greenhouses were identified and repaired. Also, experimental 
operational details were refined. Furthermore, yields from the fall crop were low as was 
the case for most greenhouse tomato producers in Tennessee due to unseasonably cool 
and wet weather conditions (Straw, 2003, Pers. Comm.). For these reasons, the 
environmental and yield results were highly questionable and will only be referred to in 
context of the spring results. 
Spring Results 
Environmental Conditions in Greenhouses 
Environmental data for May is not available due to datalogger failure. 
Vertical Gradients - Nighttime 
The nighttime vertical temperature gradients through Zones 1 (61 - 122 cm) and 2 
(122 - 183 cm) were significantly lower in the treatment house than in the control in 
February, March, and April (P = 0.05), while the differences through Zones 3 (183 - 244 
cm) and 4 (244 - 305 cm) were less significant. The nighttime vertical temperature
gradients are shown in Table B 1. Positive gradients are defined as increasing from 
bottom to top. Figure 7 illustrates this trend during February and March. The most severe 
vertical temperature stratifications during the nighttime occurred during February, with 
· the treatment and control houses averaging 1.0 and 1.8 °C/m through the entire vertical
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Figure 7. Nighttime vertical temperature gradients. February (a) and March (b); 
letters 'a' and 'b' indicate significant differences between treatment and control 
houses within each zone or at each level, with 'b' being significantly different from 
'a' (P = 0.05). 
the treatment house and 4.3 °C in the control house over the entire vertical range. 
Nighttime vertical temperature gradients were negligible in June (Figure 8) and July. 
Monthly nighttime temperature deviations from the heater set point (20 °C) at 
each vertical level are given in Table B2. The monthly temperature deviations between 
the houses were significantly different at Level 1 (61 cm) from February through April 
(P = 0.05), with the treatment house consistently warmer. The largest difference occurred 
in February when the treatment house was 1.6 °C warmer than the control house at the 
bottom level. The temperatures in the treatment house at Level 1 were kept above the 
heater set point, while the temperatures in the control house at the same level fell below 
the set point during February and March. However, the temperatures at Levels 4 (244 cm) 
and 5 (305 cm) were consistently cooler in the treatment house than the control house 
from February through April. This trend is illustrated in Figure 9, which shows the 
deviations from the heater set point at all levels for each house during February and 
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Figure 8. Nighttime vertical temperature gradients during June; letters 'a' and 'b' 
indicate significant differences between treatment and control houses within each 
zone, with 'b' being significantly different from 'a' (P = 0.05). 
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Figure 9. Nighttime temperature deviation from heating set point (20 °C). February 
(a) and March (b); letters 'a' and 'b' indicate significant differences between
treatment and control houses within each zone or at each level, with 'b' being
significantly different from 'a' (P = 0.05). 
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deviations during June or July (P = 0.05), though the treatment house was consistently 
0.5 to 0.8 °C warmer at all levels. 
Monthly nighttime vertical relative humidity gradients are presented in Table B3. 
Positive gradients were defined as increasing from bottom to top. Nighttime vertical 
relative humidity gradients at both the northern and southern ends were significantly 
reduced in the treatment house from February through April (P = 0.05), with the greatest 
differences occurring in the first two months (Figure 10). The treatment house 
experienced significantly higher gradients during June and July because the humidity 
· sensors in the control house were closer to 100% rh at both the bottom and top sensor
locations.
The monthly nighttime relative humidity values at each sensor location are given 
in Table B4. The relative humidity within the canopy on the northern end ranged from 95 
to 100% in the control house from March through July, while the treatment house ranged 
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Figure 10. - Nighttime vertical relative humidity gradients for each house during 
February and March at the northern and southern ends; letters 'a' and 'b' indic�te 
significant differences between treatment and control houses at each sensor location, 
with 'b' being significantly different from 'a' (P = 0.05). 
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from 91 to 97% (Figure 11 ). The differences between the houses were significant for 
each of those months (P = 0.05). 
Nighttime vertical carbon dioxide gradients were also evaluated and presented in 
Table B5. Positive gradients were defined as increasing from bottom to top. The monthly 
gradients were significantly different between houses for the entire season. Also, all 
monthly gradient values for the treatment house ,were positive, while all were negative in 
the control house (Figure 12). There was little change in the gradient values from month 
. to month within each house. The average nighttime gradients over the growing season 
were 14 and -23 ppm per meter in the treatment and control houses, respectively. 
The nighttime carbon dioxide concentrations for each house are shown in 
Table B6. Concentrations were consistently higher in the treatment house within and 
above the canopy throughout the entire growing season (Figure l 3a,b ). Averages ranged 
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Figure 11. Nighttime relative humidity within the canopy; letters 'a' and 'b' indicate 
significant differences between treatment and control houses at each location, with 
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Figure 12. Nighttime vertical carbon dioxide gradients; letters 'a' and 'b' indicate 
significant differences between treatment and control houses through each zone, 
with 'b' being significantly different from 'a' (P = 0.05). 
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Figure 13. Nighttime CO2 concentrations. Within (a) and above (b) the canopy; 
letters 'a' and 'b' indicate significant differences between treatment and control 
houses during each month, with 'b' being significantly different from 'a' (P = 0.05). 
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from 578 to 685 ppm and from 489 to 624 ppm in the treatment and control houses, 
respectively. 
The supplemental air distribution system proved to be most effective in reducing 
nighttime vertical temperature gradients during periods when supplemental heat was 
required, primarily during February and March (Figure 7). The gradients were reduced 
because the air distribution system removed heated air above the plant canopy and 
distributed it to lower levels within the canopy. Figure 9 illustrates this concept during 
these months by showing that the temperatures at Levels 4 (183 cm) and 5 (305 cm) were 
cooler in the treatment house but warmer at Level 1 ( 61 cm) where the bulk of the canopy 
existed at that time. The substantially higher gradients in the control house during 
February indicated that vertical temperature stratifications occurred through open air 
space when the canopy mass was small (Figure 7a). However, the same trend occurred 
during March as the canopy grew taller (Figure 7b ). This similarity suggests that the 
canopy does not have a considerable effect on nighttime vertical temperature gradients 
during heating modes. Negligible gradients occurred in both greenhouses in the warmer 
months when no supplemental heating was required (Figure 8), indicating no benefit of 
. the air distribution system during this period. 
The system was also effective in reducing vertical relative humidity gradients 
during the nighttime in February through April, with the most obvious effects during the 
first two months (Figure 10). Humidity ratios (kg of moisture per kg of dry air) were 
calculated for the monthly nighttime periods at each sensor location to determine if the 
relative humidity gradients primarily resulted from absolute moisture gradients or from 
temperature gradients. Humidity ratios throughout the season at each sensor location 
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· within the canopy are presented in Figure 14a and above the canopy in Figure 14b. The
maximum difference from within the canopy to above the canopy of all locations in both
houses was 0.0016, which was only an increase of 7% inside the canopy compared to
above the canopy. The average differences in humidity ratios from below to above were
0.0003 (s. d. = 0.009) and 0.0002 (s. d. = 0.006) in the treatment and control houses,
respectively. Since the differences were negligible, then the relative humidity gradients
were primarily caused by the temperature gradients, not differences in humidity ratios.
Figure 14 also shows an increase in the total quantity of _moisture in the treatment house
compared to the control house within and above the canopy. The most extreme difference
in the nighttime humidity ratios based on an averaged value from all four sensor locations
occurred during February, with the treatment house experiencing 22% ·more IJ?.Oisture in
the air than the control house. A potential reason may be because the increased air
movement coupled with the slightly higher temperatures increased nighttime respiration
and/ or transpiration rates.
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Figure 14. Nighttime humidity ratios. Within (a) and above (b) the canopy. 
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The air distribution system was suspected to be the cause of the reversed vertical 
carbon dioxide gradients between the greenhouses during the nighttime (Figure 12). In 
the control house, the higher concentrations were found to be in the canopy, while in the 
treatment house they occurred above the canopy (Figure 13). However, concentrations 
were higher in the treatment house, than the control house at all locations throughout the 
season. It is hypothesized that more condensation occurred on the foliage in the control 
house, which reduced nighttime respiration rates. The increased air movement in the 
treatment house may have also reduced the boundary layer at the leaf surfaces, allowing 
more oxygen to become available for respiration. It is probable that the higher nighttime 
respiration rate in the treatment house slightly reduced the canopy biomass, though no 
measurements were taken. 
The environmental differences between the greenhouses throughout the season 
resulted in a yield increase of 14% in favor of the treatment house. The average fruit sizes 
were 182 and 184 g/fruit in the treatment and control houses, respectively, but were not 
significantly different (P = 0.05). From the evaluation of the nighttime vertical gradients, 
it was suspected that the decreased relative humidity levels in the treatment house within 
the canopy had the greatest impact on the increased production. However, the relative 
humidity was primarily influenced by temperature, as previously explained. The general 
trend of production increasing with decreasing nighttime relative humidity levels was in 
agreement with Bakker (1990), who indicated an 8% yield increase in a beefsteak tomato 
variety when the average nighttime relative humidity was 72% (18.7 °C) compared to 
88% (17.9 °C). The control house experienced consecutive nighttime hours at 100% rh at 
the northern end, causing a high degree of moisture to condense on the leaf surfaces. It is 
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hypothesized that the condensation de�reased the available oxygen for respiration, as well 
as inhibited nighttime transpiration. Prolonged saturated conditions also promote disease 
infestation, such as gray mold. However, no disease occurrences appeared in either house 
during the spring season. 
The direct physiological effects of the nighttime temperature differences were 
suspected to have negligible effects on the cumulative yield, based on the evaluation of 
the averaged vertical levels. The temperatures never fell to a yield-threatening value at 
any of the levels in either greenhouse. The maximum monthly nighttime difference 
between all corresponding vertical levels within each house occurred at Level 1 during 
February, with the treatment house 1.6 °C warmer than the control house (Figure 9a). The 
largest difference from March through July among levels within the canopy was only 
0.8 °C, occurring in July. The effects of the nighttime temperature differences were 
considered minor with regards to the final yield. 
Vertical Gradients - Daytime
Daytime vertical temperature gradients are presented in Table B7. Positive values 
were defined as increasing from bottom to top. The vertical temperature gradients _at
Zones 1, 2, and 4 were significantly reduced in the treatment house during February 
(P = 0.05), with the greatest values of 0.87 and 0.48 °C/m at Zone 1 in the control and 
treatment houses, respectively (Figure 15a). The temperature ranges across the entire 
vertical zones during that period in the control and treatment houses were 1.6 and 0.9 °C, 
respectively. During March, both greenhouses experienced considerably higher daytime 
gradients through Zone 1 than the upper zones, but the gradients were not significantly 
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different between the greenhouses at Zone 1 (Figure 15b ). The temperature range across 
Zone 1 during March was 1.2 and 1.1 °C in the treatment and control house, respectively. 
Considerable gradients also occurred in both greenhouses during April in Zones 1 and 2 
(Figure 1.5c) and during June (Figure 15d) and July in Zones 2 and 3. The temperature 
ranges through these individual zones were from 0.5 to 1.9 °C. 
Daytime temperature deviations from the low-stage ventilation set point (24 °C) 
for each vertical increment are shown in Table B8. No significant differences in the 
daytime deviations between greenhouses were found throughout the entire season, with 
an exception of Level 3 in June (P = 0.05). The temperatures were maintained between 
the heating and cooling set points in both greenhouses during February and March. 
However, the average monthly daytime values in each house exceeded the ventilation set 
point at all leve_ls in June and July and Levels 3 through 5 in April. 
Vertical relative humidity gradients for the daytime are listed in Table B9. 
Positive gradients were defined as increasing from bottom to top. The daytime gradients 
in the control house were significantly more severe during February, March, June, and 
July. (Figure 16). The largest gradient in the treatment house occurred during· April on the 
southern end, which resulted in a decrease of 4.5% rh from bottom to top. The control 
house experienced its largest gradient in June on the southern side, resulting in a decrease 
of 5.9% rh from bottom to top. 
Daytime relative humidity values at each sensor location are shown in Table B 10. 
No significant differences in daytime relative humidity occurred between houses 























































































Figure 15. Daytime vertical temperature gradients during (a) February, (b) March, 
(c) April, and (d) June; letters 'a' and 'b' indicate significant differences.between
treatment and confrol houses within each zone, with 'b' being significantly different 
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Figure 16. Daytime vertical relative humidity gradients at the northern and 
southern ends; letters 'a' and 'b' indicate significant differences between treatment 
and control houses at each sensor location, with 'b' being significantly different 
from 'a' (P = 0.05). 
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exceeded 83% in either greenhouse from February through June. Values during July 
reached near 94% in both greenhouses. 
Daytime vertical carbon dioxide gradients are reported in Table B 11. Positive 
values were defined as increasing from bottom to top. The daytime gradients were 
significantly more severe in the control house than the treatment throughout the season. 
The gradients were primarily negative, indicating that concentrations decreased from 
bottom to top. The most severe changes through the vertical zone occurred during June 
and July, with concentrations decreasing by 20 and 40 ppm in the treatment and control 
. houses, respectively. 
Daytime carbon dioxide concentrations are given in Table B 12. No significant 
differences in daytime concentrations between the greenhouses were. found within the 
canopy (Figure 17a). However, the concentrations above the canopy were significantly 
higher in the treatment house in March, April, and June (Figure 17b ). The averages above 
the canopy during March, April, and June were 3 83 and 3 57 ppm in the treatment and 
control houses, respectively. 
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Figure 17. Daytime CO2 concentrations. Within (a) and above (b) the canopy; letters 
'a' and 'b' indicate significant differences between treatment and control houses 
during each month, with 'b' being significantly different from 'a' (P = 0.05). 
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The effectiveness of the supplemental air distribution system on vertical 
temperature gradients was not as substantial during the daytime as was the nighttime 
because less supplemental heating was required during daylight hours. Some 
supplemental heating was required during February, a slight amount in March, and none 
in April through July. The differences between daytime and nighttime vertical 
temperature gradients during February can be observed by comparing Figures 9a and 15a. 
The daytime gradients in both greenhouses through the entire vertical zone during 
February are approximately one third of the nighttime gradients. Though the daytime 
gradients were less considerable than the nighttime t�rough that period, the air 
distribution system si�ificantly reduced the temperature stratification in Zones 1, 2, 
and 4 by forcing the heated air towards· the lower levels. During the warmer months when 
cooling was required, the air movement caused by the supplemental air distribution 
system was considered negligible compared to the air movement induced by the 
ventilation fans.· 
As the season progressed, the effectiveness of the air distribution system 
diminished in regards to temperature.· Substantial gradients occurred in both houses 
beginning in March and lasting till the end of the season. The primary source of the 
gradients was suspected to be shading within the canopy. As the canopy engulfed Zone 1 
during March, both houses experienced considerably higher daytime gradients through 
that zone than the upper zones (Figure 15b). The plants grew to surpass Zone 2 in April, 
and much larger gradients were observed in Zones 1 and 2 (Figure 15c ). The gradients in 
the mature canopy during June can be observed in Figure 15d. The maximum canopy 
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height extended near the middle of Zone 3, and substantial gradients occurred in Zones 2 
and 3 during June and July. The gradients through Zone 1 during this period were low 
probably because most of the lower limbs were pruned, and the existing lower limbs were 
withered, nearly leaving Zone 1 free of foliage. Daytime gradients occurring through 
zones of open air space were generally low through the entire season. 
The air distribution system had some effect in reducing the vertical relative 
humidity gradients during the daytime periods of February resulting from the temperature 
effects, but the relative humidity levels were not considered a physiological threat in 
either house throughout the season. However, it is likely that the additional air movement 
induced by the system increased daytime transpiration rates during the cooler months, 
when daytime cooling was not required. The treatment house experienced a 17% higher 
humidity ratio during the daytime than the control, averaged over the four sensing 
locations (Figure 18). As the season progressed, the differences were considerably 
reduced because the air in the greenhouses was being constantly exchanged with outside 
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Figure 18. Daytime humidity ratios. Within (a) and above (b) the canopy. 
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No significant differences in carbon dioxide concentrations occurred within the 
canopy between the greenhouses throughout the entire season. Therefore, the air 
distribution system offers no benefit in regards to carbon dioxide availability to the 
plants. 
It is probable that the additional air movement during the daytime of the cooler 
months had some effect on the overall yield difference between the greenhouses. It is 
hypothesized that the rate of fruit production increased due to the suspected increase in 
the daytime transpiration rate, which increased water and nutrient uptake. The 
environmental differences between the greenhouses during periods of heavy ventilation 
in the warmer months were considered negligible. 
Longitudinal Gradients - Nighttime 
Nighttime longitudinal temperature gradients are reported in Table B 13. The 
gradients were evaluated based on measurements recorded at Level 2 (mid-canopy 
height), with positive values defined as increasing from North to South. The nighttime 
longitudinal gradients from the center to southern end were significantly reduced in the-
· treatment house in February and March (Figure 19a), with the treatment and control
houses experiencing values as high as 0.1 and 0.2 °C/m, respectively (P = 0.05). Values
from northern end to the center during this period were negligible in both greenhouses.
The longitudinal temperature gradients diminished in June and July (Figure 19b) in both
greenhouses.
Nighttime temperature deviations from the heating set point (20 °C) at all Level 2 
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Figure 19. Nighttime longitudinal temperature gradients. February and March (a), 
and June and July (b); letters 'a' and 'b' indicate significant differences between 
treatment and control houses within each zone, with 'b' being significantly different 
from 'a' (P = 0.05). 
treatment house remained above the heating set point throughout the entire season, while 
the control house experienced temperatures below the set point at the center and northern 
end during February (Figure 20). This figure also illustrates that the southern end of the 
treatment house was cooler, while the northern end was warmer than the control house 
during February and March. The treatment house was consistently warmer than the 
control house by more than 0.6 °Cat all Level 2 sensors during June and July, though the 
differences were not significant (P = 0.05). 
Longitudinal relative humidity gradients that occurred during the nighttime are 
reported in Table Bl 5. Positive values were defined as increasing from North to South. 
All value were negative throughout the season during the nighttime in both greenhouses, 
indicating that the northern end experienced higher levels of relative humidity. The 
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Figure 20. Nighttime temperature deviations from the heating set point (20 °C) from 
the Level 2 thermocouples at the northern, central, and southern locations; letters 
'a' and 'b' indicate significant differences between treatment and control houses at 
each sensor location, with 'b' being significantly different from 'a' (P = 0.05). 
(P = 0.05), with the larger gradients in both greenhouses occurring in the first half of the 
season (Figure 21 ). The maximum change in relative humidity measured in the treatment 
house across the evaluated zone (9.8 m) was 7% occurring in April, and the maximum 
change in the control house was 16% occurring in March. 
The supplemental air distribution system proved to be most effective in reducing 
nighttime longitudinal temperature gradients during heating modes, as in the vertical 
gradient analysis. However, the changes in temperatures through the entire longitudinal 
zones (14.6 m) in both houses were primarily less than the temperature changes through 
the entire vertical zones (2.4 m) during the nighttime. The longitudinal gradients during 
the nighttime were caused by the primary heater at the northwestern corner expelling 
heated air directly toward the southern end, causing the southern side to become warmer 
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Figure 21. Nighttime longitudinal relative humidity gradients; letters 'a' and 'b' 
indicate significant differences between treatment and control houses during each 
month, with 'b' being significantly different from 'a' (P = 0.05). 
southern end, so the heated air was diverted directly back towards the northern end 
through the canopy in the treatment house. A great deal of supplemental heating was 
required during the nighttime in February and March, and Figure 20 illustrates how the 
air distribution system reduced the temperature at the southern end, while increasing the 
temperature at the northern end. During nighttime periods when supplemental heat was 
not needed, the longitudinal temperature gradients became negligible (Figure 19b ). 
Like the vertical relative humidity gradients, the nighttime longitudinal gradients 
were found to be primarily influenced by temperature and not variations in the absolute 
air moisture. The relative humidity was higher at the northern end of the greenhouses 
because the temperatures were generally cooler. Therefore, the nighttime effect of the 
supplemental air distribution system on relative humidity gradients paralleled the effect 
on the nighttime longitudinal temperature gradients. 
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The evaluation of the nighttime longitudinal gradients was in agreement with the 
analysis of the nighttime vertical gradients regarding the effects on cumulative 
production. The higher yield in the treatment house was suspected to be attributed to the 
lower relative humidity values compared to the control house, especially at the northern 
end. The majority of the difference in production between houses probably occurred 
towards the northern end of the greenhouses, though yield was not recorded in 
longitudinal increments. The treatment house averaged 93% rh inside the canopy at the 
northern end from March through June (May excluded from analysis), while the control 
house averaged 98% rh through that period (Figure 11 ). 
The nighttime temperature differences between greenhouses at correlating Level 2 
thermocouples at the northern, central, and southern locations rarely exceeded 1 °C. 
Therefore, the differences in physiological effects resulting directly from the temperature 
differences were considered negligible. 
Longitudinal Gradients - Daytime 
Daytime longitudinal temperature gradients are presented in Table B 16. The 
gradients were evaluated based on measurements recorded at Level 2 (mid-canopy 
height), with positive values defined as increasing from North to South. The highest 
gradients occurred during February and March (Figure 22), reaching 0.1 and 0.2 °C/m in 
the treatment and control houses, respectively, but were not significantly different 
(P = 0.05). The zone from center to southern end constituted for the bulk of the 
temperature differences within the entire zone. Gradients from April through the end of 
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Figure 22. Daytime longitudinal temperature gradients during February and 
March; letters 'a' and �b' indicate significant differences between treatment and 
control houses within each zone, with 'b' being significantly different from 'a' 
(P = 0.05). 
Daytime temperature deviations from the low stage ventilation set point (24 °C) 
measured at the Level 2 thermocouple at the northern, central, and southern locations are 
listed in Table B 17. The monthly temperatures at mid-canopy did not exceed the 
ventilation set point until June and__!uly (May excluded from analysis). Significantly 
higher temperatures occurred in the control house than the treatment house at all three 
locations in April and June (Figure 23), resulting in an average difference of 1 °C during 
that period. 
Longitudinal relative humidity gradients during the daytime are shown in 
Table B 18, with positive values defined as increasing from North to South. The largest 
gradients in both greenhouses occurred during February, with the treatment house 
significantly lower (P = 0.05). Those gradients resulted in a decrease of 4 and 8% rh 
across the evaluated zone (9.8 m) in the treatment and control houses, respectively. The 
48 
Daytime 











,:, -1.0 ... 
b 
a .u f -2.0 ································································································································· 
41 
0. 
I -3.o ................................................................................................................................ . 
Figure 23. Daytime temperature deviation from the ventilation set point (24 °C) 
during April and June; letters 'a' and 'b' indicate significant differences between 
treatment and control ·houses at each sensor location, with 'b' being significantly 
different from 'a' (P = 0.05). 
daytime longitudinal gradient values from March through July were approximately half 
or less than values in February. 
The effects of the supplemental air distribution system on daytime longitudinal 
temperature gradients were considered negligible, since no stratifications wen� 
substantially reduced. 
Also, no benefits were attributed to the air distribution system in terms of 
longitudinal relative humidity gradients occurring during daylight hours. The relative 
humidity values in either greenhouse were not at physiologically dangerous levels 
throughout the season. 
The only new finding in the evaluation of the longitudinal gradients that would 
affect the yield difference between the greenhouses was the increased temperatures 
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occurring in the control house in the latter portion of the season. However, the effect was 
considered minimal since the temperature differences were only about 1 °C. 
The increased temperatures found in the control house at the Level 2 
thermocouples at the northern, central, and southern locations was determined to be a 
solar effect and is further discussed in the daytime transverse analysis. 
Transverse Gradients - Nighttime 
Nighttime transverse temperature gradients are reported in Table B 19. Gradients 
were determined from the Level 2 thermocouples at the western, central, and eastern 
locations, with positive values defined as increasing from West to East. The largest 
gradients occurred during February and March (Figure 24). The treatment house 
experienced a significantly higher gradient from the western to the central location during 
February, with a value approximately double of that in the control house. The direction of 
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Figure 24. Nighttime transverse temperature gradients during February and 
March; letters 'a' and 'b' indicate significant differences between treatment and 
control houses within each zone, with 'b' being significantly different from 'a' 
(P = 0.05). 
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the gradients indicated that the center row was cooler than the outer rows. 
Nighttime temperature deviations from the heater set point (20 °C) at the Level 2 
thermocouples are listed in Table B 14. The only significant difference between the 
greenhouses at the corresponding transverse locations occurred during June on the 
eastern side, with the treatment house 0.8 °C warmer than the control house. 
The supplemental air distribution system attributed to the increased transverse 
gradient from the western side to the central location during February. The intake for the 
fan/duct assembly on the western row was directly in the path of the air expelled by the 
heater. Therefore, the warmest air was immediately forced through the western row, 
causing it to become warmer than the others. No other transverse effects were found to be 
caused by the air distribution system. 
No effects were revealed in the nighttime transverse analysis that could have 
potentially affected the difference in cumulative yield between the greenhouses. 
Transverse Gradients - Daytime 
Daytime transverse temperature gradients are given in Table B20. The gradients 
through both evaluated zones in the treatment house were significantly greater than the 
control house in April, June, and July (Figure 25). Gradients in the treatment house 
during February and March were less severe. 
Table B 17 includes temperature deviations from the ventilation set point (24 °C) 
at the western, central, and eastern locations at Level 2. Figure 26 illustrates the 
magnitude of the temperature.differences between greenhouses at each location. The 
outer rows in the treatment house were 0. 7 - 1.4 °C higher than the center row in April, 
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Figure 25. Daytime transverse temperature gradients in April, June, and July; 
letters 'a' and 'b' indicate significant differences between treatment and control 
houses-within each zone, with 'b' being significantly different from 'a' (P = 0.05). 
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Figure 26. Daytime temperature deviations from the ventilation set point (24 °C) 
during April, June, and July; lett�rs 'a' and 'b' indicate significant differences 
between treatment and control houses at each sensor location, with 'b' being 
significantly different from 'a' (P = 0.05). 
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June, and July. The control house experienced negligible differences between the outer 
rows and the center row through the same period. 
The differences between the greenhouses in the daytime transverse temperature 
gradients and deviations were not induced by the supplemental air distribution system. 
The differences were determined to be solar effects. This conclusion was supported by 
observations in the fall crop during August. The trend of having elevated temperatures on 
the outer rows compared to the center row occurred in the eastern house both seasons, 
even though that greenhouse was the control house in the fall and the treatment house 
. during the spring. 
The primary impact on production from a transverse analysis was that higher 
yields occurred in the outer rows in both greenhouses (Figure 27). The reason was 
suspected to be the �esult of the increased light intensities on the outer rows compared to 
the inner rows. However, the difference in the cumulative yield between the greenhouses 
was not considered to be affected by this phenomenon, since the temperature differences 




The harvest period for the spring season was from April 16th through July 7th• The 
treatment house cumulatively produced 14% more yield than the control house 
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Figure 27. Spring yield by row and fruit size; row numbers increase from 
West to East. 
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yield equated to $1140 and was based upon a conservative wholesale price of $2.20 
per kg. This estimate also does not reflect the advantages of an earlier harvest when 
producers can potentially obtain premium prices. The treatment house did experience an 
earlier yield than the control house. As of mid May, the treatment house produced 480 kg 
more than the control. 
Energy Consumption - Fuel
The treatment house used 9% less fuel for heating during the spring seas_on. The 
treatment house burned 7,380 liters of propane, while the control house burned 8,130 
liters. The reduce fuel consumption resulted in a savings of $177 for the season based 
upon a propane price of $0.25 per liter. 
The reduction in fuel use was due to the supplemental air distribution system 
transporting the heated air from above the foliage to within the dense foliage. Since the 
heater thermostats were located in the center of the house and engulfed by the canopy, the· 
system provided a direct path for the warm air to reach the thermostats, thus interrupting 
the heating cycle quicker than in the control house. Figure 29 illustrates the difference in 
heating cycles between the houses. Temperature data at the thermostat was collected 
every minute from midnight fo noon and then plotted to evaluate the heat cycling. The 
concept is clearly seen in the figure of how the treatment house is easily reaching the 
cutoff temperature at the thermostats, causing several heating cycles to occur during the 
night. The heater in the control house was operating at 100% duty cycle until after 
sunrise. 
It is probable that further reductions in fuel consumptions could be achieved with 
a few adjustments and modifications. One adjustment would be to decrease the heating 
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Figure 29. Temperature trends indicating heat cycling over 12-hr period 
on March 2ih. 
set point in the treatment house. The lower setting is justified from the evaluation of 
vertical temperature gradients during February. Temperatures increased with height in 
. both houses, but the treatment house was 1.6 °C warmer than the control house at Level 1 
during the nighttime of February, as shown in Figure 9a. Therefore, the heating set point 
in the treatment house could be reduced to equalize the minimum temperatures 
experienced between the greenhouses. Also, the height of the fan intake pipes could be 
increased from 2.4 m to 3.0 m to take in warmer air. Figure 9 indicates warmer nighttime 
temperatures at Levels· (3.0 m) than at Level 4 (2.4 m). Lastly, fans with higher airflow 
rates could be selected to expel air through the perforated ducts. In this study, only the 
minimum accepted air circulation rate was achieved. Bailey (1973) suggested that higher 
airflow rates could further reduce the temperature drop of the air inside the duct, thus 
reducing longitudinal gradients. 
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· Energy Consumption - Electricity
The electricity usage in the spring season was 7,160 and 3,610 kWh in the 
treatment and control houses, respectively. The increased electricity usage resulted in an 
additional cost of $243, based on $0.068 per kWh. The difference of 3,550 kWh equated 
to 22 kWh per day. The theoretical amount of electricity required to operate all five 
225-watt fans for the air distribution system for 24 hours equaled 27 kWh per day.
Potential reasons for the difference from the theoretical may be attributed to the system 
reducing the duty cycles of the heaters and/or ventilation fans or the system was using 
less than the theoretical estimate. 
Though the supplemental air distribution system operated continuously 
throughout the growing season, the environmental evaluations revealed that the system 
was only beneficial during heating modes and during daylight hours when ventilation was 
minimal. Therefore, it is hypothesized that the full potential benefits from the system 
could be realized by only operating during heating modes and during the daytime of 
cooler months. The electricity cost could be substantially reduced by the selective 
operational periods of the system. 
Overall Economic Impact 
Most greenhouse tomato producers in Tennessee only grow a spring crop because 
yields from fall crops are generally much lower and is not enough to justify the required 
time, effort, and fuel cost. Therefore, the analysis of the spring crop was based on 
growing only one crop per year. The costs of the system included the capital of the 
equipment and construction and the additional electricity cost to operate the system 
(Table 5). The capital was based on an amortization at 10% over an estimated 5-year life, 
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Table 5. Price list for constructing supplemental air distribution system for a 9 x 
29-m greenhouse for tomato production; items based on English units.
Item 
4C445 industrial blower 
5' x 8" vent pipe 
8" vent pipe cap 
7" vent pipe cap 
plastic pipe strap 
polytube - 10" (layflat), 6 mil 
4' x 8' x 3/4" plywood 
(sheathing) 
High-tensile wire 
6" lag eye bolts 
tensioner 
36" cable ties 
5" gutter screws 
1 /2" wood screws 








$0.10 per foot 
$65.00 per 1000' 
$14.97 
$4.00 per 100' 
$0.49 
$4.00 
$5.47 per 24 
$6.47 per 10 
$0.83 per 10 
$3.86 per 100 


















which equated to $178 per year. The cost of electricity was $243 per year. Returns from 
the difference in yield equated to $1140. Decreased propane consumption resulted in a 
savings of $177 per year. The net benefit of the supplemental air distributions system was 
$896 per year, and the benefit/cost ratio was 3.1. 
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Chapter 4 - Conclusions 
Two greenhouses were operated for an entire spring season, the experimental 
treatment house had a supplemental air distribution system and the control house did not. 
Evaluation of the vertical temperature and relative humidity gradients revealed 
that the supplemental air distribution system was most effective during periods of 
supplemental heating, which primarily occurred during nighttime. It was shown that the 
system successfully reduced the vertical gradients by moving warmer air from above to 
within the canopy. This reduction in gradient kept the canopy in the treatment house at 
lower relative humidity, reducing the susceptibility to infection from fungal diseases. 
Vertical relative humidity gradients were found to be primarily influenced by temperature 
rather than the moisture content of the air. This finding accentuates the importance of 
minimizing temperature gradients. Differences in temperature and relative humidity 
gradients between the greenhouses were negligible during periods not requiring 
supplemental heat. 
Longitudinal temperature and relative humidity gradients were also found to be 
significantly reduced in the treatment house during periods of suppl_emental heating. It 
was shown that the air distribution system circulated the warm air accumulating on the 
southern end during heating modes, thus reducing the longitudinal temperature gradient. 
As before, relative humidity was primarily influenced by-temperature. No statistically 
significant differences in the longitudinal gradients occurred between houses when 
supplemental heating was not required. 
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During periods of heavy heating, the transverse temperature gradient was 
significantly higher in the treatment house from the western side to the center. The 
increased gradient was due to the system fan intake location in the western row being 
directly in the path of the heated air stream, causing the warmest air to be directed 
through the canopy on that side. The system offered no benefit throughout the growing 
season in regard to transverse temperature gradients, but the gradients were not found to 
be a major problem in either greenhouse. 
Nighttime vertical carbon dioxide gradients were reversed between greenhouses, 
with concentrations increasing with height in the treatment house. However, the 
concentrations above and within the canopy in the treatment house were both above the 
highest concentrations in the control house. This was suspected to be due to higher 
nighttime respirations rates induced by the additional air movement from the system. No 
significant carbon dioxide concentration differences were observed between the 
greenhouses during the daytime within the canopy. 
An additional effect was suspected to occur during the daytime periods when 
ventilation was minimal. From the evaluation of the humidity ratios during February, 
17% more moisture was in the air in the treatment house during the daytime. This 
difference was hypothesized to be due to increased transpiration rates induced by the 
additional air movement. This effect was only observed during low ventilation, probably 
because during heavy ventilation, the air movement from the system was considered 
negligible compared to the air movement induced by the ventilation fans. 
The air distribution system was suspected to contribute to the increased yield 
compared to the control house. One reason was the significantly reduced nighttime 
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relative humidity within the canopy in the treatment house, which was primarily 
influenced by temperature. A second reason for the increased yield was hypothesized to 
be the increased daytime transpiration rates in the treatment house during minimal 
ventilation. Also, it was suspected that accelerated ripening occurred as a result of the 
increased transpiration rate early in the season. 
A reduction in fuel consumption was another benefit attributed to the air 
distribution system. It was shown that the system forced warmer air through the canopy 
during periods of heating, allowing the thermostat to reach the cutoff temperature faster 
than the control house. Therefore, the heater duty cycle in the treatment house was lower 
than in the control house, resulting in a 9% reduction in propane consumption. 
The treatment house experienced a cumulative yield increase of 14% compared to 
the control house, with a difference of 518 kg. The fruit sizes between greenhouses were 
not significantly different. 
The supplemental air distribution system was found to have benefit/cost ratio of 
3.1, with a net return or'$896. The components of the economic analysis included the 
yield increase and reduced fuel consumption, and the capital and electricity costs. The net 
return could be increased by reducing the electrical cost of the system by only operating 
the system during heating modes and during daytime periods of minimal ventilation, 
which appeared to be the times at which the system had greatest impact. Also, 
decreasing the heating set point, increasing the height of the intake pipes, and/or selecting 
fans with higher airflow rates for the system may further conserve fuel consumption. 
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Appendix A - Discharge Uniformity of Perforated Duct 
Colin M. Wells and Nevin D. Amos wrote a paper in 1994 titled Design of Air 
Distribution Systems for Closed Greenhouses. The objective addressed was to design an 
optimum air ventilation system with the use of perforated polyethylene ducting for 
cooling or heating the environment. The problem was to minimize the variability of 
discharge along the length of the duct while maintaining constant perforation spacing. 
The approach was to step through a procedure or method for the duct design 
based on mathematical equations of airflow through a duct. The fundamental airflow 
equations were: 
Q
= I (¼Pi f?i.) 
t=I fp 
where: Q0 = total airflow in duct (m
3/s) 
n = number of perforations in duct 
Cdi = discharge coefficient of perforation
ai = area of a single perforation (m2) 
Pi = static pressure inside duct (Pa)
p = density .of air ( 1.2 kg/m3) 
Q. =CAP;·
where: C = overall discharge coefficient of the duct 
A = cross sectional area of duct (m
2
) 




Equation 2 originated from Bernoulli's equation, and the overall discharge 
coefficient (C) has been estimated by non-linear regression.to be a function of the 
aperture ratio (na/A) and the ratio of the duct length to the duct diameter (LID) which is 
as follows: 





: -0.001402 : 
D
(3) 
The authors reported that this empirical model has and R-squared value of 0.997 and was 
validated by 672 simulation runs. The overall discharge coefficient was calibrated for 
various ranges of duct parameters such as length, duct diameter, perforation diameter, 
number of perforations per row, and number of rows. 
In the present study, the airflow rate through the duct (Q0) was determined to be 
0.206 m3/s, based upon the minimum requirement of 15 air exchanges per hour within the 
tomato canopy. The design static pressure inside the duct (Pi) was 75 Pa. The diameter of 
each perforation was 0.010 m and was selected based on standard available hole-punch 
sizes. The average discharge coefficient for each perforation (Cdi) was assumed to be 
0.69, which was estimated for a submerged sharp-edged orifice. The total number of 
perforations was then calculated from rewriting Equation 1 as: 
(4) 
where d is the diameter of each perforation in meters. The number of perforations (n) was 
calculated to be 376. 
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Once completed, the aperture ratio and the inlet static pressure were checked. 
The acceptable range for the aperture ratio is less than 1.5 and the inlet static pressure 
should be greater than 25 Pa to insure proper duct inflation. The aperture ratio was 
calculated to be 1.3. In order to check the inlet static pressure from Equation 2, the 
overall discharge coefficient (C) had to be determined from Equation 3. The duct length 
(L) was 25.3 m, which was equal to the length of the plant row, and a duct diameter (D)
of 0.16 m was selected. The overall discharge coefficient was then calculated to be 0.96. 
Finally, the static pressure at the duct entrance (p0) was calculated to be 67 Pa. 
The longitudinal spacing of the perforations was based upon punching four rows 
of perforations for a length of25.3 m, which resulted in a spacing of 0.27 m along the 
length. 
The duct was constructed according to the theoretical outputs, and a pitot tube 
was used to measure the internal static pressure at the duct wall. Measurements were 
taken every 1.6 m along the length, and a coefficient of variation of 4.9 was achieved 
along the duct (Figure Al). The observed average static pressure inside the duct 
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Figure Al. Actual versus theoretical static pressure along perforated duct. 
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Appendix B- Tabulated Environmental DataforSpring 
Table Bl. Nighttime vertical temperature gradients. 
/j. Temp. through Gradient Significance 
Month Zone Treatment Zone (/j. 0C) Value (.6. °C/m) Pr> I ti
February Zone 1 Treatment 0.4 0.6 
<0.0001 
Control 1.4 2.3 
Zone2 Treatment 0.5 0.8 
0.0054 
Control 1.0 1.6 
Zone3 Treatment . 0.7 1.1 
0.0432 
Control 0.9 1.5 
Zone4 Treatment 0.8 1.3 
Control 1.0 1.6 
n.s.
Entire Zone Treatment 2.3 1.0 
Control 4.3 1.8 
March Zone I Treatment 0.3 0.5 
<0.0001. 
Control 1.2 2.0 
Zone2 Treatment 0.5 0.8 
<0.0001 
Control 0.9 1.4 
Zone 3 Treatment 0.6 0.9 
Control 0.6 LO 
n.s.
Zone4 Treatment 0.6 1.1 
0.0456 
Control 0.8 1.3 
Entire Zone Treatment 2.0 0.8 
Control 3.5 1.4 
Apri l Zone I Treatment 0.1 0.1 
0.0029 
Control 0.3 0.4 
Zone2 Treatment 0.2 0.3 
<0.0001 
Control 0.6 1.0 
Zone3 Treatment 0.5 0.9 
Control 0.4 0.7 
n.s.
Zone4 Treatment 0.5 0.8 
Control 0.5 0.9 
n.s.
Entire Zone Treatment 1.2 0.5 
Control 1.8 0.7 
June Zone I Treatment -0.1 -0.2
0.0015 
Control -0.2 -0.3 
Zone2 Treatment -0.1 -0.2
Control -0.1 -0.2
n.s.
Zone3 Treatment -0.1 -0.2
<0.0001 
Control 0.0 0.0
Zone4 Treatment 0.1 0.1 
Control 0.1 .; 0.2 
n.s.
Entire Zone Treatment -0.3 -0.1
Control -0.2 -0.1 
July Zone 1 Treatment -0.I -0.2
<0.0001 
Control -0.2 -0.4
Zone2 Treatment -0.2 -0.3
Control -0.2 -0.3
n.s.
Zone3 Treatment -0.1 .-0.2 
Control -0.1 -0.2 
n.s.
Zone4 Treatment 0.1 0.1 
Control 0.0 0.1 
n.s.
Entire Zone Treatment -0.3 -0.1
Control -0.4 -0.2
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Table B2. Nighttime temperature deviations from heating set point (20 °C) at each 
vertical increment. 
Temp. deviation Significance 
Month Location Treatment from 20 °C Pr>/ t I
Februar y Level 1 Treatment 0.40 0.0123 
Control -1.22
Level2 Treatment 0.79 n.s.
Control 0.17 
Level 3 Treatment 1.30 n.s.
Control 1.13 
Level4 Treatment 1.95 n.s.
Control 2.07 
Level5 Treatment 2.75 n.s.
Control 3.06 
March Level 1 Treatment 0.33 0:0215 
Control -0.25
Level2 Treatment 0.62 n.s.
Control 0.96 
Level3 Treatment 1.12 0.0001 
Control 1.82 
Level4 Treatment 1.68 <0.0001 
Control 2.45 
Level5 Treatment 2.33 <0.0001 
Control 3.24 
April Level 1 Treatment 0.54 0.0240 
Control 0.12 
Level2 Treatment 0.63 n.s.
Control 0.38 
Level3 Treatment 0.79 n.s.
Control 0.96 
Level 4 Treatment 1.31 n.s.
Control 1.38 
Level5 Treatment 1.78 n.s.
Control 1.91 
June Level 1 Treatment 1.99 n.s.
Control 1.44 
Level 2 Treatment 1.89 n.s.
Control 1.27 
Level3 Treatment 1.77 n.s.
Control 1.15 
Level 4 Treatment 1.65 n.s.
Control 1.15 
Level5 Treatment 1.73 n.s.
Control 1.24 
July Levell Treatment 2.90 n.s.
Control 2.19 
Level 2 Treatment 2.80 n.s.
Control 1.96 
Level 3 Treatment 2.64 n.s.
Control 1.81 
Level4 Treatment 2.51 n.s.
Control 1.71 
Level 5 Treatment 2.56 n.s.
Control 1.76 
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Table B3. Nighttime vertical relative humidity gradients. 
ARH Gradient 
through Value Significance 
Month Zone Treatment Zone (A%) (A %/m) Pr> It I
February North End Treatment -3 -1.9
<0.0001 
Control -14 -7.7
South End Treatment -4 -2.4
0.0072 
Control -10 -5.4
March North End Treatment -2 -1.1
<0.0001 
Control -13 -7.1
South End Treatment -5 -2.7
0.0002 
Control -8 -4.2
April North End Treatment 2 1.1 
<0.0001 
Control -5 -3.2
South End Treatment -1 -0.4
Control. -2 -1.4
n.s.
June North End Treatment 3 2.3 
<0.0001 
Control 0 0.1 
South End Treatment 4 2.9 
Control 3 1.9 
<0.0001 
July North End Treatment 2 1.7 
<0.0001 
Control 0 0.1 
South End Treatment 4 2.9 
Control 2 1.7 
0.0014 
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Table B4. Nighttime relative humidity values at each sensor location. 
Relative 
humidity Significance 
Month Location Treatment (%) Pr> It I
February North- Treatment 82 
Bottom Control 82 
n.s.
North-Top Treatment 77 
0.0147 
Control 63 
South- Treatment 76 
0.0307 Bottom Control 69 
South-Top Treatment 70 
0.0073 
Control 56 
March North- Treatment 91 
0.0001 Bottom Control 96 
North-Top Treatment 88 
0.0018 
Control 79 
South- Treatment 85 
0.0212 
Bottom Control 80 
South-Top Treatment 78 
0.0031 
Control 71 
April North- Treatment 93 
<0.0001 Bottom Control 99 
North-Top Treatment 95 
Control 92 
n.s.
South- Treatment 86 
Bottom Control 88 
n.s.
South-Top Treatment 85 
Control 85 
n.s.
June North- Treatment . 95 
<0.0001 
Bottom Control 99 
North-Top Treatment 100 
0.0056 
Control 99 
South- Treatment 93 
<0.0001 
Bottom Control 95 
South-Top Treatment 98 
Control 98 
n.s.
July North- Treatment 97 
<0.0001 
Bottom Control 100 
North�Top Treatment 100 
Control 100 
n.s.
South- Treatment 94 
0.0028 
Bottom Control 96 




Table BS. Nighttime vertical carbon dioxide gradients. 
AC02 
cone through Gradient Significance 
Month Treatment Zone (A ppm) Value (A Pr>/ ti
ppm/m) 
February Treatment 11 6 
Control -35 -19
<0.0001 
March Treatment 26 14 
<0.0001 
Control -46 -25
April Treatment 26 18. 
Control -37 -26
<0.0001 
June Treatment 23 16 
<0.0001 
Control -33 -23
July Treatment 23 16 
<0.0001 
Control -34 -24
Table B6. Nighttime carbon dioxide concentrations above and below the canopy. 
CO2 
concentraion Significance 
Month Location Treatment (ppm) Pr>/ t/ 
February Bottom Treatment 578 n.s.
Control 524 
Top Treatment 589 0.0030 
Control 489 
March Bottom Treatment 640 0.0130 
Control 606 
Top Treatment 665 <0.0001 
Control 561 
April Bottom Treatment 643 0.0320 
Control 607 
Top Treatment 669 <0.0001 
Control · 569
June Bottom Treatment 663 0.0064 
Control 624 
Top Treatment 685 <0.0001 
Control 590 
July Bottom Treatment 639 n.s.
Control 598 
Top Treatment 662 n.s.
Control 564 
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Table B7. Daytime vertical temperature gradients. 
tJ,. Temp. through Gradient Significance 
Month Zone Treatment Zone (!J,. 0C) Value (!J,. °C/m) Pr>/ t/ 
February Zone I Treatment 0.3 0.5 
0.0016 
Control 0.5 0.9 
Zone2 Treatment 0.1 0.2 
0.0024 
Control 0.3 0.5 
Zone3 Treatment 0.2 0.4 
Control 0.3 0.4 
n.s.
Zone4 Treatment 0.3 0.4 
0.0058 
Control 0.5 0.8 
Entire Zone Treatment 0.9 0.4 
Control 1.6 0.6 
March Zone I Treatment 1.2 1.9 
Control LI 1.8 
n.s.
Zone2 Treatment 0.0 -0. l 
0.0004 
Control 0.1 0.2 
Zone3 Treatment 0.3 0.4 
<0.0001 
Control 0.1 0.1 
Zone4 Treatment 0.2 0.4 
<0.0001 
Control 0.4 0.7 
Entire Zone Treatment l.6 0.7 
Control 1.7 0.7 
April Zone I Treatment 1.2 2.0 
Control 1.6 2.7 
n.s. 
Zone2 Treatment 1.4 2.3 
Control LI 1.8 
n.s.
Zone3 Treatment -0.3 -0.4
Control -0.l -0.2
n.s.
Zone4 Treatment 0.2 0.4
0.0015 
Control 0.5 0.7 
Entire Zone Treatment 2.6 1.1 
Control 3.0 1.2 
June Zone I Treatment 0.4 0.7 
0.0280 
Control 0.3 0.5 
Zone2 Treatment I.I 1.8 
<0.0001 
Control 1.9 3.1 
Zone3 Treatment 1.1 1.8 
<0.0001 
Control 0.5 0.8 
Zone4 Treatment 0.0 0.1 
<0.0001 
·control 0.2 0.4 
Entire Zone Treatment 2.6 1.1 
Control 2.9 1.2 
July Zone I Treatment. 0.4 0.6 
Control 0.3 0.5 
n.s.
Zone2 Treatment 0.9 1.5 
Control 1.2 2.0 
n.s.
Zone3 Treatment 1.4 2.3 
Control 0.9 1.6 
n.s. 
Zone4 Treatment -0.3 -0.5
0.0002 
Control 0.2 0.3 
Entire Zone Treatment 2.4 1.0 
Control 2.6 LI 
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Month Location Treatment from 20 °C Pr>/ t / 
February Level 1 Treatment -3.22 n.s.
Control -3.54
Level2 Treatment -2.94 n.s.
Control -3.01
Level3 Treatment -2.82 n.s.
Control -2.70
Level 4 Treatment -2.57 n.s.
Control -2.45
Level5 Treatment -2.32 n.s.
Control -1.98
March Level 1 Treatment -3.07 n.s.
Control -2.69
Level 2 Treatment -1.89 n.s.
Control -1.60
Level3 Treatment -1.93 n.s.
Control -1.46
Level 4 Treatment -1.67 n.s.
Control -1.38
Level 5 Treatment -1.43 n.s.
Control -0.94
April Level 1 Treatment -2.02 n.s.
Control -1.81
Level2 Treatment -0.83 n.s.
Control -0.18
Level3 Treatment 0.59 n.s.
Control 0.89
Level4 Treatment 0.32 n.s.
Control 0.74
Level 5 Treatment 0.55 n.s.
Control 1.19 
June Level 1 Treatment 1.08 n.s.
Control 1.50 
Level2 Treatment· 1.48 n.s.
Control 1.79 
Level 3 Treatment 2.58 0.0072 
Control 3.65 
Level4 Treatment 3.69 n.s.
Control 4.17 
Levels Treatment 3.73 n.s.
Control 4.42 
July Level 1 Treatment 1.29 n.s.
Control 1.28 
Level2 Treatment 1.65. n.s.
Control 1.61 
Level3 Treatment 2.54 n.s.
Control 2.80 
Level4 Treatment 3.96 n.s.
Control 3.74 
Level5 Treatment 3.65 n.s.
Control 3.90 
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Table B9. Daytime vertical relative humidity gradients. 
ARB Gradient 
through Value Significance 
Month Zone Treatment Zone ('1 %) ('1 %/m) Pr>/ t / 
February North End Treatment 1 0.8 
0.0006 
Control -5 -2.5
South End Treatment -1 -0.7
<0.0001 
Control -5 -2.8
March North End Treatment 0 0.2
<0.0001 
Control -3 -1.7
South End Treatment -3 -1.9
0.0014 
Control -6 -3.1








June North End Treatment 0 0.3 
<0.0001 
Control -4 -3.1
South End Treatment -1 -1.0
<0.0001 
Control -6 -4.2
July North End Treatment 2 1.2 
0.0020 
Control -4 -2.6




Table BlO. Daytime relative humidity values at each sensor location. 
Relative 
humidity Significance 
Month Location Treatment (¾) Pr> It I 

















































































Table Bll. Daytime vertical carbon dioxide gradients. 
ACO2 conc Gradient Significance 
Month Treatment Through Zone Value Pr>/ t/ 
(A ppm) (A oom/m) 
February Treatment 2 l 
0.0001 
Control -29 -16
March Treatment -2 -1
<0.0001 
Control -31 -17
April Treatment -6 -4
<0.0001 
Control -34 -24
June Treatment -20 -14
<0.0001 
Control -40 -28
July Treatment -20 -14
0.0284 
Control -40 -28
Table B12. Daytime carbon dioxide concentrations above and below the canopy. 
CO2 
concentraion Significance 
Month Location Treatment (ppm) Pr>/ t / 












Top Treatment 393 
0.0016 
Control 367 




Top Treatment 386 
0.0003 
Control 355 




Top Treatment 370 
<0.0001 
Control 348 









Table B13. Nighttime longitudinal temperature gradients. 
A Temp. through Gradient Significance 
Month Zone Treatment Zone (A 0C) Value (A °C/m) Pr>/ ti
February North to Center Treatment -0.1 0.0 
Control 0.1 o.o
n.s.
Center to South Treatment 0.5 0.1 
0.0074 
Control 1.5 0.2 
Entire Zone Treatment 0.4 0.0 
Control 1.7 0.1 
March North to Center Treatment -0.1 0.0 
0.0003 
Control 0.0 0.0 
Center to South Treatment 0.7 0.1 
<0.0001 
Control 1.8 0.2 
Entire Zone Treatment 0.6 0.0 
Control 1.8 0.1 
April North to Center Treatment -0.1 0.0 
0.0011 
Control 0.2 0.0 
Center to South Treatment· 1.1 0.2 
Control 1.3 0.2 
n.s.
Entire Zone Treatment 1.0 0.1 
Control 1.5 0.1 
June North to Center Treatment -0.1 0.0 
Control -0.1 0.0 
n.s.
Center to South Treatment 0.0 0.0 
Control 0.0 0.0 
n.s.
Entire Zone Treatment -0.1 0.0 
Control -0.1 0.0 
July North to Center Treatment -0.1 0.0 
Control -0.1 0.0 
n.s.
Center to South .Treatment 0.1 0.0 
Control 0.1 0.0 
n.s.
Entire Zone Treatment 0.0 0.0 
Control 0.1 0.0 
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Table B14. Nighttime temperature deviations from the heating set point (20 °C) at 
all horizontal locations at 1.2-m height (mid-canopy). 
Temp. 
deviation Significance 
Month Location Treatment from 20 °C Pr> /ti
February North Treatment 0.57 n.s.
Control -0.37
Center Treatment 0.48 n.s.
Control -0.23
South Treatment 0.96 n.s.
Control 1.32 
West Treatment 1.21 n.s.
Control 0.13 
East Treatment 0.71 n.s.
Control 0.02 
March North Treatment 0.40 n.s.
Control 0.33 
Center Treatment 0.26 n.s.
Control 0.35 
South Treatment 0.97 <0.0001 
Control 2.11 
West Treatment 0.89 n.s.
Control 1.03 
East Treatment 0.60 n.s.
Control 0.97 
April North Treatment 0.44. 0.0079 
Control -0.13
Center Treatment 0.33 n.s.
Control 0.05 
South Treatment 1.47 n.s.
Control 1.36 
West Treatment 0.36 n.s.
Control 0.29 
East Treatment 0.54 n.s.
Control 0.31 
June North Treatment 2.06 n.s.
Control 1.46 
Center Treatment 2.01 n.s.
Control 1.41 
South Treatment 2.03 n.s.
Control 1.42 
West Treatment 1.57 n.s
Control . 1.02 
East Treatment 1.77 0.0301 
Control 1.04 
July North Treatment 2.93 n.s.
Control 2.11 
Center Treatment 2.89 n.s.
Control 2.02 
South Treatment 2.96 n.s.
Control 2.14 
West Treatment 2.53 n.s.
Control 1.73 
East Treatment 2.66 n.s.
Control 1.79 
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Table B15. Nighttime longitudinal relative humidity gradients. 
ARH Gradient Significance 
Month Zone Treatment Through Value Pr>/ ti
Zone (A%) (A %/m) 
February North to Treatment -6 -0.6 0.0414 
South Control -13 -1.4
March North to Treatment -6 -0.6 <0.0001 
South Control -16 -'l.7 
April North to Treatment -7 -0.7 0.0007 
South Control -11 -1.l
June North to Treatment -3 -0.3 <0.0001 
South Control -4 -0.4
July North to Treatment -3 -0.3 n.s.
South Control -3 -0.4
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Table B16. Daytime longitudinal temperature gradients. 
/1 Temp. through Gradient Significance 
Month Zone Treatment Zone (/1 °C ) Value (/1 °C/m) Pr>/ t/ 








Entire Zone Treatment 1.0 0.1 
Control 1.5 0.1 








Entire Zone Treatment 1.2 0.1 
Control 1.5 O.l








Entire Zone Treatment 0.4 0.0 
Control 0.8 0.1 
June North to Center Treatment 0.1 0.0 
0.0014 
Control · -0.1 0.0 
Center to South Treatment 0.6 0.1 
<0.0001 
Control 0.2 0.0 
Entire Zone Treatment 0.7 0.0 
Control 0.1 0.0 




Center to South Treatment 0.6 0.1 
0.0050 
Control 0.1 0.0 
Entire Zone Treatment 0.6 0.0 
Control 0.1 0.0 
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Table Bl 7. Daytime temperature deviations from the ventilatio� set point (24 °C) at 
all horizontal locations at 1.2-m height (mid-canopy). 
Temp. 
deviation Significance 
Month Location Treatment from 20 °C Pr>/ t / 
February North Treatment -3.25 n.s.
Control -3.51
Center Treatment -3.14 n.s.
Control -3.09
South Treatment -2.36 n.s.
Control -2.09
West Treatment -3.23 n.s.
Control -3.17
East Treatment -2.69 n.s.
Control -3.20
March North Treatment -2.44 n.s.
Control -2.06
Center Treatment -2.29 n.s.
Control -1.79
South Treatment -1.29 0.0233 
Control -0.57
West Treatment -2.25 n.s.
Control -1.99
East Treatment -1.20 n.s.
Control -1.60
April North Treatment -1.49 0.0080 
Control -0.40
Center Treatment -1.17 0.0248 
Control -0.12
South Treatment -1.02 0.0016 
Control 0.43 
West Treatment 0.06. n.s.
Control -0.57
East Treatment -0.51 n.s.
Control -0.24
June North Treatment 0.78 0.0007 
Control 1.82 
Center Treatment 0.85 0.0024 
Control 1.73 
.South Treatment 1.42 0.0463 
Control 1.95 
West Treatment 2.22 n.s.
Control ·t.82
East Treatment 2.11 n.s.
Control 1.65 
July North Treatment 1.11 n.s.
Control 1.60 
Center Treatment 1.12 n.s.
Control 1.57 
South Treatment 1.68 n.s.
Control 1.71 
West Treatment 2.10 n.s.
Control 1.57 
East Treatment 2.22 n.s.
Control 1.59 
85 
Table B18. Daytime longitudinal relative humidity gradients. 
ARH Gradient Significance 
Month Zone Treatment through Value Pr> /.ti 
· Zone (A%) (L\. %/m) 
February North to Treatment -4 -0.4
0.0111 South Control -7 -0.8
March North to Treatment -2 -0.2
0.0401 South Control -4 -0.4













Table B19. Nighttime transverse temperature gradients. 
D Temp. through Gradient Significance 
Month Zone Treatment Zone (D 0C) Value (D °C/m) Pr> I ti
February West to Center Treatment -0.7 -0.2
0.0082 
Control -0.4 -0.1
Center to East Treatment 0.2 0.1 
n.s.
Control 0.2 0.1 
Entire Zone Treatment -0.5 -0.1
Control -0.1 0.0 
March West to Center Treatment -0.6 -0.2
n.s.
Control -0.7 -0.2
Center to East Treatment 0.3 0.1 
<0.0001 
Control 0.6 0.2 
Entire Zone Treatment -0.3 -0.1
Control -0.1 0.0 
April West to Center Treatment 0.0 0.0 
0.0129 
Control -0.2 -0.1
Center to East Treatment 0.2 0.1
n.s.
Control 0.2 0.1
Entire Zone Treatment 0.2 0.0 
Control 0.0 0.0 
June West to Center Treatment 0.4 0.1 
n.s.
Control 0.4 0.1 
Center to East Treatment -0.2 -0.1
0.0004 
Control -0.4 -0.1
Entire Zone Treatment 0.2 0.0
Control 0.0 0.0
July West to Center Treatment 0.4 0.1
n.s. 
Control 0.3 0.1
Center to East Treatment -0.2 -0.1
n.s.
Control -0.2 -0.1
Entire Zone Treatment 0.2 0.0 
Control 0.0 ·o.o
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Table B20. Daytime transverse temperature gradients. 
D Temp. through Gradient Significance 
Month Zone Treatment Zone (0 °C) Value (D °C/m) Pr> I ti




Center to East Treatment 0.5 0.2 
0.0161 
Control -0.1 0.0 
Entire Zone Treatment 0.5 0.1 
Control 0.0 0.0 
March West to Center Treatment 0.0 0.0 
0.0235 
Control 0.2 0.1 
Center to East Treatment 1.1 0.4 
<0.0001 
Control 0.2 0.1 
Entire Zone · Treatment 1.1 0.2 
Control 0.4 0.1 
April West to Center Treatment -1.2 -0.4
<0.0001 
Control 0.5 0.2
Center to East Treatment 0.7 0.2
<0.0001 
Control -0.1 0.0
Entire Zone Treatment -0.5 -0.1
Control 0.3 0.1
June West to Center Treatment -1.4 -0.5
<0.0001 
Control -0.1 0.0 
Center to East Treatment 1.2 0.4 
<0.0001 
Control -0.1 0.0 
Entire Zone Treatment -0.1 0.0 
Control -0.2 0.0 
July West to Center Treatment -1.0 -0.3
0.0012 
Control 0.0 0.0
Center to East Treatment 1.1 0.4
0.0010 
Control 0.0 0.0
Entire Zone Treatment 0.1 0.0 
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